Abstract: A series of 9,9'-spirobifluorene-derived N-heterocycles were prepared by the reactions of 8,9-dihydrospiro(benzo [b]fluorene-11,9'-fluoren)-6(7H)-one and 8, 8',9,9'-tetrahydro-11,11'-spirobi(benzo[b]fluorene)-6,6'(7H,7'H)-dione with a series of 2-aminoarenecarbaldehydes such as 2-aminobenzaldehyde, 2-aminonicotinealdehyde, 1-amino-2-naphthaldehyde, and 8-aminoquinoline-7-carbaldehyde. In addition to the absorption maxima based on the parent 9,9'-spirobifluorene skeleton in the 225-234, 239-280, 296-298, and 308-328 nm regions, the absorptions due to the π-π* transitions of the heterocycles were observed in the 351-375 nm region in the UV absorption spectra. All the compounds showed strong photoluminescences in the 390-430 nm region.
Introduction
9,9'-Spirobifluorene (1) as well as its derivatives have been of interest due to their characteristic structures [1] , of which the early studies were focused not only on the molecular recognition of various α-aminoalcohols by 9,9'-spirobifluorene-based crown ethers [2, 3] and of monosaccharides by dendritic cleft receptors [4] [5] [6] , but also on the inclusion of compounds with hydrocarbons [7] , carbohydrates [8, 9] , and α-hydroxycarboxylates [10] . However, interest in 9,9'-spirobifluorenes, especially 9,9'-spirobifluorenebased oligomers, as well as polymers has recently switched to applications in molecular electronic devices for light emitting devices [11] [12] [13] [14] [15] [16] , hybrid porous solid [17] and catalysis [18] .
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Nevertheless, only a few of monomeric 2,2'-di(heteroaryl)-9,9'-spirobifluorenes such as 2,2'-di(benzo[h]quinol-2-yl)-9,9'-spirobifluorene [19] , 2,2'-di(1,10-phenanthrol-2-yl)-9,9'-spirobifluorene [20, 21] , 2,2',7,7'-tetra(benzo[h]quinol-2-yl)-9,9'-spirobifluorene [22] , and 2,2'-di-(benzo-[b]-1,10-phenanthrolin-2-yl)-9,9'-spirobifluorene [23] have been reported, and even fewer monoazaaryl-9,9'-spirobifluorenes, such as 2-(4-phenylquinol-2-yl)-9,9'-spirobifluorene [24] and a series of 2-(azaar-2-yl)-9,9'-spirobifluorenes [25] were reported. Even though some of these showed promising photophysical properties for OLED applications, no systematic approaches for the preparation or for the examination of their properties of monomeric 9,9'-spirobifluorene-based heteroaromatics have been pursued as yet. Our interest in the preparation and properties of 9,9'-spirobifluorene-derived polydentates [23, 25] encouraged us to thus study a series of 3,2''-annulated 2-(azaheteroar-2''-yl)-9,9'-spirobifluorenes and 3,2'';3',2''-annulated 2,2'-di(azaheteroar-2''-yl)-9,9'-spirobifluorenes.
Results and Discussion

Synthesis
Synthesis of 9,9'-spirobifluorene-derived N-heterocycles was straightforward, as shown in Schemes 1 and 2. Friedländer condensation of 3 with a series of o-aminoaldehydes 4 such as 2-aminobenzaldehyde [26] , 2-aminonicotinaldehyde [27] , 1-aminonaphthalene-2-carbaldehyde, and 8-aminoquinoline-7-carbaldehyde [28] , afforded the corresponding heteroaromatics 5 with a 9,9'-spirobifluorene skeleton in 76%-82% yields. Scheme 1. Synthesis of annulated monoazaar-2-yl-9,9'-spirobifluorenes. 
Scheme 2. Synthesis of annulated 2,2'-di(azaar-2-yl)-9,9'-spirobifluorenes.
Similarly, the same Friedländer reaction of the diketone 6 [2] with a series of o-aminoarenecarbaldehydes afforded the corresponding ligands 7 in 75%-82% yields. The prerequisite ketones 3 and 6 were prepared by polyphosphoric acid (PPA)-catalyzed Friedel-Crafts acylation of known 4-[9,9'-spirobi(fluoren)-7-yl]butanoic acid (2) and 4,4'-(9,9'-spirobi[fluorene]-7,7'-diyl)dibutanoic acid [2] in 70% and 78% yields, respectively.
Structural and Thermal Properties
The crystallinity of 5 and 7 was accessed by XRD (X-ray diffraction) as shown in Figure 1 . All the X-ray diffractograms of the monoheteroaryl systems 5a,d, including 5b,c (not shown) showed numerous distinctive peaks indicating sharp crystalline nature while those of diheteroaryl systems 7a,d showed a characteristic amorphous halo and were free from any type of crystalline peaks. The thermal behaviors of 5 and 7 were analyzed by differential scanning calorimetry (DSC). All the compounds exhibited a single sharp endothermic peak at the melting points. However, neither glass transition temperatures (Tg) nor crystallization temperature (Tc) were observed for any of the compounds.
Spectroscopic Properties
2D and DEPT NMR experiments and comparison with the NMR data of the parent 9,9'-spirobifluorene [29] and related compounds reported previously [23, 25] allowed us to assign all the proton resonances of the products, which are summarized in Table 1 . Some proton resonances were characteristic enough to provide a probe for the suggested structure. The resonances of H4 of the 9,9'-spirobifluorene moiety were generally deshielded by the neighboring N in the cavity, and thus resonated in the δ 9.01-9.38 region, showing significant down-field shifts by ∆δ 1.17-1.54 ppm as compared with the parent 9,9'-spirobifluorene. On the other hand, the H1, H8, H1', and H8' protons of the 9,9'-spirobifluorene moiety were upfield-shifted due to the anisotropic effect of the two neighboring phenyl groups, and thus resonated in the δ 6.52-6.87 range. The H1 resonances of 5 and 7 were upfield-shifted by ∆δ 0.05-0.21 ppm, except in 7c, while those of the H8 protons of 7 are slightly downfield-shifted compared to the corresponding proton resonance of the parent 9,9'-spirobifluorene. Additionally, the protons at the peri-position (H7'') of 5a and 7a resonated at δ 8.21 and 8.22, respectively, and H10'' of the benzo[h]quinoline moiety of 5c and 7c resonated at δ 9.62 and 9.63, respectively, as a doublet of doublets ( UV absorption spectra of 9,9'-spirobifluorene (1) and its derivatives 5 and 7 were obtained in 95% EtOH (1.0 × 10 Figure 2 ) and results are summarized in Table 2 . Five major absorption maxima due to the π-π* transition were observed in the 225-234, 239-280, 296-298, 308-328, and 351-375 nm regions. The wavelength of the absorption maximum is highly dependent on the nature of the heterocycles attached to the 9,9'-spirobifluorene core. The systems with benzo[h]quinoline(s) (compounds 5c and 7c), and 1,10-phenanthroline(s) (compounds 5d and 7d) showed additional absorptions in the 351-375 nm range, which were not observed in the parent 9,9'-spirobifluorene, indicating that these absorptions were from the π-π* transitions of the heterocycles in the system. Such absorptions in compounds with more aromatic rings such as 5c,d and 7c,d were resolved to show two absorptions in the 351-357 and 359-375 nm regions, respectively, presumably due to the extended delocalization of π-electrons. The photoluminescence (PL) of 1, 5, and 7 at 298 K was studied in EtOH (1.0 × 10 
Experimental
General
Melting points were determined using a Fischer-Jones melting point apparatus and DSC with tin (mp 232.52 °C) as a standard. IR spectra were obtained using a Perkin-Elmer 1330 spectrophotometer. NMR spectra were obtained using a 250 or 600 MHz Bruker-250 spectrometer for 1 H-NMR and 62.5 or 150 MHz for 13 C-NMR, respectively, and are reported as parts per million (ppm) from the internal standard tetramethylsilane (TMS) peak. The two-dimensional and DEPT NMR spectra were recorded using Bruker's standard pulse program. UV absorption spectra were recorded on a JASCO-V550 spectrophotometer and emission spectra on a Perkin Elmer LS50B luminescence spectrometer. Electrospray ionization (ESI) mass spectrometry (MS) experiments were performed on a LCQ advantage-trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA). Elemental analyses were taken on a Hewlett-Packard Model 185B elemental analyzer. XRD analysis was performed by X-ray Diffractometer (Model: MPD for bulk, PANalytical, Westborough, MA, USA) with nickel-filtered CuKα radiatiuon (30 kV, 30 mA) at 2θ angles ranging from 10° to 90°, a scan speed of 10°/min and a time constant of 1 s. Thermal behaviors of the compounds were analysed using differential scanning calorimeter (DSC Q00) with 1~2 mg of sample sealed in alumina in the range of 40-385 °C increasing temperature in a rate of 10 °C/min. An empty pan was used as a reference, and the DSC baseline, temperature, and enthalpy was calibrated. A nitrogen flow rate for the each scanning calorimetric run was 50 mL/min. The starting 4-[9,9'-spirobi(fluoren)-7-yl]butanoic acid (2) [2] , o-aminoarenecarbaldehydes [26] [27] [28] , and diketone (6) [2] were prepared by employing previously reported methods. Chemicals and solvents were of commercial reagent grade and used without further purification. The abbreviations q, np, bq, and phen were used for quinoline, 1,8-naphthyridine, benzo[h]quinoline and 1,10-phenanthroline, respectively. 
6',7'-Dihydrospiro(fluorene-9,9'-fluorneo[2,3-c]acridine) (5a)
. A mixture of ketone 3 (384 mg, 1.00 mmol) and 2-aminobenzaldehyde (4a, 133 mg, 1.10 mmol) and in absolute EtOH (20 mL) containing saturated alcoholic KOH (1 mL) was refluxed for 5 h. Upon cooling the reaction mixture, a solid was formed, which was collected as a pure yellow crystalline solid product ( [3,2-h] acridine-11,9'-fluorene) (5c). The same procedure described above for 5a but with 1-aminonaphthalene-2-carbaldehyde (4c) afforded the desired product as pale yellow crystalline solid (79%): m.p. 303.65 °C. 6, 6', 7, 9 '-spirobi(fluoreno [2,3-c] acridine) (7a). A mixture of ketone 5 (226 mg, 0.50 mmol) and 2-aminobenzaldehyde (4a, 133 mg, 2.20 mmol) in absolute EtOH (20 mL) containing saturated alcoholic KOH (1 mL) was refluxed for 5 h. Upon cooling the reaction mixture, the solid was formed, which was collected as a pure pale yellow crystalline solid (82%): m.p. 334.24 °C. 6, 6', 7, 1':6, 7] naphtho [1,2-b ]-1,8-naphthyridine) (7b). The same procedure described above for 7a but with 2-aminonicotinaldehyde (4b) afforded the desired product as pale yellow crystalline solid (78%): m.p. 303.658 °C. '-spirobi(benzo[c] fluoreno [3,2-h] acridine) (7c). The same procedure described above for 7a but with 1-aminonaphthalene-2-carbaldehyde (4c) afforded the desired product as pale yellow crystalline solid (75%): m.p. 395.05 °C. [2',1':6,7] naphtho [1,2-b ]-1,10-phenanthroline) (7d). The same procedure described above for 7a but with 8-aminoquinoline-7-carbaldehyde (4d) afforded the desired product as pale yellow crystalline solid (80%): m.p. 266.77 °C. and H6'), 7.14 (td, 2H, J = 7.5, 1.5 Hz, H7 and H7'), 6.80 (d, 2H, J = 7.5 Hz, H8 and H8'), 6.68 (s, 2H, H1 and H1'), 3.12 (t, 4H, J = 6.3 Hz), 2.85 (t, 4H, J = 6.3 Hz). 
8,9-Dihydrospiro(benzo[c]fluoreno
Conclusions
A series of 9,9'-spirobifluorene-derived N-heterocycles were prepared from 8,9-dihydrospiro-(benzo[b]fluorene-11,9'-fluoren)-6(7H)-one and 8,8',9,9'-tetrahydro-11,11'-spirobi(benzo[b]-fluorene)-6,6'(7H,7'H)-dione and 2-aminoarenecarbaldehydes such as 2-aminobenzaldehyde, 2-aminonicotinealdehyde, 1-amino-2-naphthaldehyde, and 8-aminoquinoline-7-carbaldehyde, respectively. The monoheteroaryl series was crystalline in nature, while diheroaryl ones showed an amorphous nature. In addition to the absorptions based on the parent 9,9'-spirobifluorene skeleton in the 225-234, 239-280, 296-298, and 308-328 nm regions, absorptions due to the π-π* transition of heterocycles were observed in the 351-375 nm region. All compounds showed strong photoluminescence in the 390-430 nm region regardless the excitation wavelength.
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